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Colorectal cancer is a common malignancy with the third highest incidence and second highest mortality rate among all cancers in the world. Chemotherapy resistance in colorectal cancer is an essential factor leading to the high mortality rate. The ATP-binding cassette (ABC) superfamily G member 2 (ABCG2) confers multidrug resistance (MDR) to a range of chemotherapeutic agents by decreasing their intracellular content. The development of novel ABCG2 inhibitors has emerged as a tractable strategy to circumvent drug resistance. In this study, an ABCG2-knockout colorectal cancer cell line was established to assist inhibitor screening. Additionally, we found that ataxia-telangiectasia mutated (ATM) kinase inhibitor AZ32 could sensitize ABCG2-overexpressing colorectal cancer cells to ABCG2 substrate chemotherapeutic drugs mitoxantrone and doxorubicin by retaining them inside cells. Western blot assay showed that AZ32 did not alter the expression of ABCG2. Moreover, molecule docking analysis predicted that AZ32 stably located in the transmembrane domain of ABCG2. In conclusion, our result demonstrated that AZ32 could potently reverse ABCG2-mediated MDR in colorectal cancer.
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Introduction

Multidrug resistance (MDR) is a frequent phenomenon that drastically limits the treatment of cancer patients. Accumulating evidence have demonstrated that the ATP-binding cassette (ABC) superfamily G member 2 (ABCG2), also known as breast cancer resistance protein (BCRP), confers resistance to a range of chemotherapeutic agents through extruding them to extracellular in an ATP dependent manner (1, 2). Human ABCG2 is predominantly located on the plasma membranes of cells in various tissues, such as small intestine, colorectal, gallbladder, testes, and capillary tissues, and it facilitates the function of blood–brain barrier, blood-testicular, and blood-placental barriers (3–5). Structurally, unlike its two functional homologs ABCB1 (P-glycoprotein) and ABCC1 (MRP1), ABCG2 is a half-transporter that only possesses one hydrophilic nucleotide binding domain in the N-terminal in the cytoplasm and one hydrophobic membrane-spanning domain containing six putative transmembrane helixes (6). Due to the unique structural architecture of ABCG2, the substrate profiles of it overlap with and yet differ from that of ABCB1 and ABCC1, consisting of topoisomerase inhibitors (i.e., mitoxantrone, SN38, topotecan, and doxorubicin), antimetabolites (i.e., 5-fluorouracil, and trimetrexatte), tyrosine kinase inhibitors (i.e., gefitinib, dasatinib, erlotinib, and sorafenib), photosensitizers (i.e., pheophorbide A and protoporphyrin IX), and fluorescent dyes (i.e., rhodamine 123 and Hoechst 33342) (7). Thus, ABCG2 significantly affects the absorption, distribution, metabolism, and efficacy of these compounds aforementioned. Potent inhibitors of ABCG2 have been identified in recent years, including fumitremorgin C (FTC) and its derivative ko143 (8, 9). Unfortunately, the side effect of FTC and ko143 restrain their development (10). We also reported several inhibitors of ABCG2 in decades (11–18). However, it is still necessary to identify novel inhibitors of ABCG2.

In this study, we found that ataxia-telangiectasia mutated (ATM) kinase inhibitor AZ32 was a potent inhibitor of ABCG2 and could sensitize ABCG2-overexpressing colorectal cancer cells to chemotherapeutic drugs mitoxantrone and doxorubicin by increasing their intracellular concentrations.



Materials and Methods


Reagents and Cell Culture

AZ32 (#T4443) was purchased from TargetMol (Shanghai, China). FTC (#118974-02-0) was obtained from BioBioPha (Kunming, China). Rhodamine 123 (#62669-70-9) was purchased from Sigma-Aldrich (Darmstadt, Germany). Mitoxantrone (#70476-82-3), doxorubicin (#25316-40-9), and cisplatin (#AA1A8019B) were purchased from D&B Biological Science and Technology (Shanghai, China), LC Laboratories (Massachusetts, USA) and Qilu Pharmaceutical (Jinan, China), respectively. 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT) (#298-93-1) was purchased from Yuanye Bio-Technology (Shanghai, China). Polyetherimide (PEI) (#24765-1) was from Poly Sciences (Illinois, USA). Puromycin (#A1113803) was from Thermo Fisher Scientific (Shanghai, China). Anti-ABCG2 antibody (#sc-377176) was purchased from Santa Cruz Biotechnology (California, USA). Anti-β-tubulin antibody (#30302ES20) was purchased from YEASEN Biotech (Shanghai, China). HEK293T, human colorectal cancer cell line S1 and its drug-resistant cell line S1-M1-80 with ABCG2 overexpression (19) were cultured in DMEM containing 10% bovine serum at 37°C in a humidified atmosphere of 5% CO2.



Vector Generation and Lentivirus Infection

LentiCRISPRv2 vector (from Addgene #52961) was digested with BsmB I and liagted with annealed oligonucleotides (ABCG2-SgRNA-F: 5’-CACCGGCTGCAAGGAAAGATCCAAG-3’, ABCG2-SgRNA-R: 5’-AAACCTTGGATCTTTCCTTGCAGCC-3’). HEK293T cells were transfected using PEI at 70% confluency with recombinant vectors and packaging vectors pMD2G and psPAX2. The viral supernatant was harvested after 72 h of transfection. S1-M1-80 cells were infected with viral supernatant containing 10 µg/ml polybrene, and were selected with 30 µg/ml puromycin to establish the stable cell lines. Finally, a monoclonal S1-M1-80 cell line with stable knockout of ABCG2 was acquired by single-cell culture.



Western Blot Assay

Cells were trypsinized and washed twice with cold PBS, then resuspended and lysed in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 ng/ml PMSF, 0.03% aprotinin, 1 µM sodium orthovanadate) at 4°C for 30 min. Lysates were centrifuged for 10 min at 14,000×g and supernatants were stored at −80°C as whole cell extracts. Proteins were separated on 10% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% BSA and incubated with the indicated primary antibodies. Corresponding horseradish peroxidase-conjugated secondary antibodies were used against each primary antibody. Signals were detected with the ChemiDoc XRS chemiluminescent gel imaging system (Analytik Jena).



Genomic PCR and Sequencing Analysis

The genomic DNA of cells was extracted with the QuickExtractDNA extraction kit following the manufacturer’s protocol and amplified with primer (ABCG2-F: 5’-GAGATATATAGCATGTGTTGGAGGG-3’, ABCG2-R: 5’-CTATCAGCCAAAGCACTTACCC-3’) designed for the target region of interest using a Pfu DNA polymerase. The PCR product was sequenced after agarose gel electrophoresis.



Cytotoxicity Assay

Cells were seeded into a 96-well plate at a density of 8,000 cells/well. Chemotherapeutic agents with different concentrations were added after preincubated in the presence or absence of inhibitors for 1 h. After 68 h of incubation, MTT (500 μg/ml) was added to each well. The solution in the wells was discarded, and the dark-blue formazan crystals were dissolved in 50 μl DMSO. Absorbance was measured at 570 nm by a microplate reader (Bio Tek Instrument).



Drug Accumulation Assay

Cells in 6-well plate with a concentration of 3.5 × 105 cells/well preincubated with or without inhibitors for 1 h, then mitoxantrone, doxorubicin and rhodamine 123 were added with 10 μM for another 2 h, respectively. After washed three times with PBS, these compounds accumulated in the cell were observed and quantified by fluorescence microscope (Olympus) and flow cytometer (Beckman), respectively.



Docking Analysis

The Crystal structure of ABCG2 was obtained from Protein Data Bank (PDB), and the 3D structures of small molecules, including AZ32, FTC, and doxorubicin, were downloaded from PubChem. All docking calculations were performed using AutoDock Vina, and the results were visualized by PyMOL (20).



Statistical Analysis

All experiments were performed at least three times, and differences among each group were determined by one-way ANOVA. P-value <0.05 was considered as statistical significance.




Results


Establishment ABCG2-Knockout Colorectal Cancer Cells

To establish ABCG2 knockout cell line with CRISPR-Cas9 system, we firstly generated lentiCRISPRv2 vector which contains a targeting sequences from exon 3 of human ABCG2 gene end with a 5’NGG3’ protospacer adjacent motif (PAM) sequence (Figure 1A). S1-M1-80 cells were selected with puromycin after transduction with LentiCRISPRv2 viral supernatant. A monoclonal S1-M1-80 cell line with stable knockout of ABCG2 was acquired by single-cell culture, and its protein levels of ABCG2 were undetectable by western blot (Figure 1B). The further sequencing results of genomic DNA PCR productions showed that a “C” base was deleted in the target position of S1-M1-80 sgABCG2 cells in comparison to S1-M1-80 Vector cells (Figure 1C). These results indicate that ABCG2-knockout colorectal cancer cells were successfully established.




Figure 1 | Establishment ABCG2-knockout colorectal cancer cells. A schematic diagram of the designed sgRNA targeting ABCG2 in exon 3 is shown (A). The protein expression levels of ABCG2 were examined by Western blot, and β-tubulin was used as loading control (B). The sequencing comparison and original data of S1-M1-80 cells are shown (C).





AZ32 Sensitizes ABCG2-Overexpressing Colorectal Cancer Cells to ABCG2-Substrate Chemotherapeutic Drugs

AZ32 is a novel ATM inhibitor (21), and its chemical structure is shown in Figure 2A. To investigate the effect of AZ32 on ABCG2-mediated MDR in colorectal cancer cells, we firstly examined the cytotoxicity of AZ32 in the ABCG2-overexpressing MDR colorectal cancer cells S1-M1-80 and its parental S1 cells. The results showed that AZ32 at the used concentrations were non-cytotoxic in both S1 and S1-M1-80 cells (Figure 2B). We then detected the cytotoxicity of combination of AZ32 with two ABCG2 substrates, mitoxantrone and doxorubicin, and one non-ABCG2 substrate, cisplatin, at the various concentrations. As shown in Figures 2C, D, S1-M1-80 and S1-M1-80 Vector cells showed much higher resistance to mitoxantrone and doxorubicin but not cisplatin than S1 and S1-M1-80 sgABCG2 cells, respectively. Compared with the well-known ABCG2 inhibitor FTC, AZ32 showed mildly weaker effect on reversing the resistance of S1-M1-80 and S1-M1-80 Vector cells to mitoxantrone and doxorubicin but not cisplatin. Neither AZ32 nor FTC increased the cytotoxicity of the above chemotherapeutic drugs in S1 and S1-M1-80 sgABCG2 cells. These data suggest that AZ32 can sensitize ABCG2-overexpressing colorectal cancer cells to ABCG2-substrate chemotherapeutic agents.




Figure 2 | AZ32 sensitized ABCG2-overexpressing colorectal cancer cells to ABCG2-substrate chemotherapeutic drugs. The chemical structure of AZ32 is shown (A). Cells were treated with the indicated concentrations of AZ32 or other agents for 72 h, and cell survival was measured by MTT assay. The representative growth curve of cells treated with AZ32 alone (B) or in combination with mitoxantrone, doxorubicin and cisplatin (C, D) are shown.





AZ32 Enhances the Intracellular Accumulation of ABCG2 Substrates in ABCG2-Overexpressing Colorectal Cancer Cells

To examine whether AZ32 reversed ABCG2-mediated MDR in colorectal cancer cells is due to inhibition of the transporter activity of ABCG2, we detected the intracellular levels of three ABCG2 substrates mitoxantrone, doxorubicin and rhodamine 123 in the presence or absence of AZ32. As shown in Figures 3A–F, S1-M1-80 and S1-M1-80 Vector cells showed much weaker intracellular levels of mitoxantrone, doxorubicin and rhodamine 123 than S1 and S1-M1-80 sgABCG2 cells, respectively. Compared with FTC, AZ32 showed mildly weaker effect on enhancing the intracellular levels of mitoxantrone, doxorubicin and rhodamine 123 in S1-M1-80 and S1-M1-80 Vector cells. Neither AZ32 nor FTC enhanced the intracellular levels of mitoxantrone, doxorubicin and rhodamine 123 in S1 and S1-M1-80 sgABCG2 cells. These results suggest that AZ32 can enhance the intracellular accumulation of ABCG2 substrates by inhibiting the transporter activity of ABCG2 in colorectal cancer cells.




Figure 3 | AZ32 enhances the intracellular accumulation of ABCG2 substrates in ABCG2-overexpressing colorectal cancer cells. Cells were incubated with 10 μM mitoxantrone, doxorubicin or rhodamine 123 for another 2 h at 37°C after pre-treated with the indicated concentrations of AZ32 or FTC for 1 h at 37°C and photographed by fluorescent microscope. Then the florescent intensity was measured by flow cytometer and quantified (A–F). *P <0.05, and **P <0.01 vs. corresponding group.





AZ32 Does Not Alert the Protein Expression of ABCG2 in Colorectal Cancer Cells

The reversal of ABCG2-mediated MDR can be accomplished by either inhibiting its transporter activity or downregulating its expression. To examine the effect of AZ32 on the protein expression of ABCG2, S1-M1-80 cells were treated with AZ32 at various periods. As shown in Figure 4A, AZ32 does not alert the protein expression of ABCG2 for up to 72 hours.




Figure 4 | AZ32 does not alter the protein expression of ABCG2 in colorectal cancer cells and model for binding of AZ32 to ABCG2. S1-M1-80 cells were treated with AZ32 at 1 μM for the indicated time points. The protein expression levels of ABCG2 were examined by Western blot, and β-tubulin was used as loading control (A). The optimal docked pose of AZ32 within the putative multidrug-binding site of human ABCG2 based on the crystal structure available from PDB. ABCG2 conformation is presented as a ribbon diagram and colored by secondary structure: read-helix, yellow-sheet, green-loop. AZ32 is shown as stick mode within a slit-like cavity of ABCG2, and the binding surface is exhibited as magenta (B). Zoomed-in the highlighted area shows that AZ32 is sandwiched between Phe-439 (colored green) side chains, and AZ32 interacts favorably with the hydrophobic residues Val-401, Leu-405, Phe-431, Phe-432, Leu-439, Val-442, and Ile-543 (shown as sticks, labeled) (C). The binding site of AZ32 (orange sticks) overlaps with FTC, mitoxantrone and doxorubicin (displayed as yellow, green and red sticks respectively), viewed from the extracellular space of the structure of ABCG2 (D).





Model for Binging of AZ32 to ABCG2

A slit-like cavity close to the two-fold symmetry of ABCG2 dimerization was acknowledged as the ligands binding pocket of ABCG2 (22). Therefore, a structure-based docking assay was conducted to validate the binding of AZ32 with ABCG2. The predicted binding mode showed that AZ32 was located in the crevice between ABCG2 monomers (Figure 4B), and it stabilized in this slit-like cavity mainly through hydrophobic contact with other hydrophobic residues on the binding surface. In this conformation (Figure 4C), AZ32 was located in the transmembrane domain of ABCG2 surrounded by multiple hydrophobic amino acids, including Leu-405, Phe-431, Phe-432, Val-442, and Ile-543. In addition, the aromatic rings of AZ32 were sandwiched between the phenyl moiety of Phe-439 from opposing monomers via π–π stacking. Furthermore, Met-549 on TM5 of ABCG2 interplayed with the benzene ring of AZ32 through π-sulfur interaction. Furthermore, AZ32 almost completely overlayed with FTC, mitoxantrone and doxorubicin in the putative drug-binding cavity of ABCG2 (Figure 4D), suggesting that AZ32 may inhibit the transporter activity of ABCG2 by competing with the substrates to bind ABCG2.




Discussion

Despite ample advances in novel cytotoxic and targeted agents, resistance to chemotherapeutic drugs continues to be one of the biggest obstructions in the treatment of patients with metastatic colorectal cancer (23–25). With accumulated evidence, transmembrane transporter ABCG2 has emerged as an attractive targeting moiety to combat chemotherapeutic drugs resistance (26, 27). Abcg2−/− knockout and wild-type mice were widely used to study the effect of ABCG2 on the tissue distribution of potential substrates by analyzed their plasma, small intestine, colorectal, liver, kidneys, and testicles (28, 29). Recently, Daniella et al. established ABCG2-knockout and EGFP tagged ABCG2 reporter cell lines in human lung adenocarcinoma cells, which were useful to study the ABCG2 gene regulation and visualizing protein activity in live cells (30). In this study, we established an ABCG2-knockout human colorectal cancer cell line by CRISPR-Cas9 mediated genome editing technology which we have used previously (31, 32). This precision-engineered colorectal cell line provided a valuable model for screening new ABCG2 inhibitors and validating the specificity of potential inhibitors.

As a novel selective inhibitor of ATM kinase, AZ32 significantly potentiated the radiotherapy effect on glioma in vitro and in vivo (21). In the present study, we found that AZ32 could sensitize ABCG2-overexpressing colorectal cancer cells to mitoxantrone and doxorubicin but not cisplatin. Further results showed that AZ32 could enhance the intracellular accumulation of mitoxantrone, doxorubicin, and rhodamine 123 in ABCG2-overexpressing colorectal cancer cells. Western blot assay indicated that AZ32 did not alter the expression of ABCG2. Moreover, the predicted molecule docking model presented that AZ32 was stably located in the transmembrane domain of ABCG2. All these data suggest that AZ32 could inhibit the transporter activity of ABCG2 to reverse ABCG2-mediated multidrug resistance in colorectal cancer by competing with the substrate chemotherapeutic drugs to bind ABCG2. However, the combined effect of AZ32 with ABCG2-substrate chemotherapeutic drugs in colorectal cancer need to be further validated in vivo.

In conclusion, our result demonstrated that AZ32 could potently reverse ABCG2-mediated MDR in colorectal cancer by inhibit the transporter activity of ABCG2, which is supported by the predicted binding mode that presented the hydrophobic interactions of AZ32 within the drug binding cavity of ABCG2. Therefore, the combination of AZ32 with ABCG2-substrate chemotherapeutic drugs may be a potential strategy to overcome MDR in colorectal cancer.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Author Contributions

KL, Y-CL, YC, M-WC, Z-SC, and ZS designed the experiments, performed the experiments, analyzed the data, and wrote the paper. X-BS, Z-HX, Z-JH, S-TW, W-JL, P-WZ, Z-ZY, and X-MM performed the experiments and wrote the paper. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by funds from the National Key Research and Development Program of China No. 2017YFA0505104 (ZS), the National Natural Science Foundation of China Nos. 81772540 (ZS) and 51922111 (M-WC), the Science and Technology Program of Guangdong No. 2019A050510023 (ZS) and the Science and Technology Development Fund, Macau SAR No. 0004/2019/AGJ (M-WC).



Acknowledgments

The authors thank Drs. Susan E Bates and Robert Robey (NCI, NIH) for providing us the cell lines S1 and S1-M1-80 for this study.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.680663/full#supplementary-material



References

1. Iorio, AL, Ros, M, Fantappiè, O, Lucchesi, M, Facchini, L, Stival, A, et al. Blood-Brain Barrier and Breast Cancer Resistance Protein: A Limit to the Therapy of CNS Tumors and Neurodegenerative Diseases. Anticancer Agents Med Chem (2016) 16:810–5. doi: 10.2174/1871520616666151120121928

2. Robey, RW, Polgar, O, Deeken, J, To, KW, and Bates, SE. ABCG2: Determining its Relevance in Clinical Drug Resistance. Cancer Metastasis Rev (2007) 26:39–57. doi: 10.1007/s10555-007-9042-6

3. Maliepaard, M, Scheffer, GL, Faneyte, IF, van Gastelen, MA, Pijnenborg, AC, Schinkel, AH, et al. Subcellular Localization and Distribution of the Breast Cancer Resistance Protein Transporter in Normal Human Tissues. Cancer Res (2001) 61:3458–64.

4. Aust, S, Obrist, P, Jaeger, W, Klimpfinger, M, Tucek, G, Wrba, F, et al. Subcellular Localization of the ABCG2 Transporter in Normal and Malignant Human Gallbladder Epithelium. Lab Invest (2004) 84:1024–36. doi: 10.1038/labinvest.3700127

5. Fetsch, PA, Abati, A, Litman, T, Morisaki, K, Honjo, Y, Mittal, K, et al. Localization of the ABCG2 Mitoxantrone Resistance-Associated Protein in Normal Tissues. Cancer Lett (2006) 235:84–92. doi: 10.1016/j.canlet.2005.04.024

6. Mo, W, and Zhang, JT. Human ABCG2: Structure, Function, and its Role in Multidrug Resistance. Int J Biochem Mol Biol (2012) 3:1–27.

7. Mao, Q, and Unadkat, JD. Role of the Breast Cancer Resistance Protein (BCRP/ABCG2) in Drug Transport–an Update. AAPS J (2015) 17:65–82. doi: 10.1208/s12248-014-9668-6

8. Allen, JD, van Loevezijn, A, Lakhai, JM, van der Valk, M, van Tellingen, O, Reid, G, et al. Potent and Specific Inhibition of the Breast Cancer Resistance Protein Multidrug Transporter In Vitro and in Mouse Intestine by a Novel Analogue of Fumitremorgin C. Mol Cancer Ther (2002) 1:417–25.

9. Rabindran, SK, He, H, Singh, M, Brown, E, Collins, KI, Annable, T, et al. Reversal of a Novel Multidrug Resistance Mechanism in Human Colon Carcinoma Cells by Fumitremorgin C. Cancer Res (1998) 58:5850–8.

10. Weidner, LD, Zoghbi, SS, Lu, S, Shukla, S, Ambudkar, SV, Pike, VW, et al. The Inhibitor Ko143 Is Not Specific for ABCG2. J Pharmacol Exp Ther (2015) 354:384–93. doi: 10.1124/jpet.115.225482

11. Zhang, YK, Wang, YJ, Lei, ZN, Zhang, GN, Zhang, XY, Wang, DS, et al. Regorafenib Antagonizes BCRP-mediated Multidrug Resistance in Colon Cancer. Cancer Lett (2019) 442:104–12. doi: 10.1016/j.canlet.2018.10.032

12. Shi, Z, Tiwari, AK, Shukla, S, Robey, RW, Singh, S, Kim, IW, et al. Sildenafil Reverses ABCB1- and ABCG2-mediated Chemotherapeutic Drug Resistance. Cancer Res (2011) 71:3029–41. doi: 10.1158/0008-5472.Can-10-3820

13. Shi, Z, Parmar, S, Peng, XX, Shen, T, Robey, RW, Bates, SE, et al. The Epidermal Growth Factor Tyrosine Kinase Inhibitor AG1478 and Erlotinib Reverse ABCG2-mediated Drug Resistance. Oncol Rep (2009) 21:483–9. doi: 10.3892/or_00000248

14. Shi, Z, Tiwari, AK, Shukla, S, Robey, RW, Kim, IW, Parmar, S, et al. Inhibiting the Function of ABCB1 and ABCG2 by the EGFR Tyrosine Kinase Inhibitor AG1478. Biochem Pharmacol (2009) 77:781–93. doi: 10.1016/j.bcp.2008.11.007

15. Shi, Z, Peng, XX, Kim, IW, Shukla, S, Si, QS, Robey, RW, et al. Erlotinib (Tarceva, OSI-774) Antagonizes ATP-binding Cassette Subfamily B Member 1 and ATP-binding Cassette Subfamily G Member 2-Mediated Drug Resistance. Cancer Res (2007) 67:11012–20. doi: 10.1158/0008-5472.Can-07-2686

16. Yang, Y, Ji, N, Teng, QX, Cai, CY, Wang, JQ, Wu, ZX, et al. Sitravatinib, a Tyrosine Kinase Inhibitor, Inhibits the Transport Function of ABCG2 and Restores Sensitivity to Chemotherapy-Resistant Cancer Cells In Vitro. Front Oncol (2020) 10:700. doi: 10.3389/fonc.2020.00700

17. Wu, ZX, Peng, Z, Yang, Y, Wang, JQ, Teng, QX, Lei, ZN, et al. M3814, a DNA-PK Inhibitor, Modulates Abcg2-Mediated Multidrug Resistance in Lung Cancer Cells. Front Oncol (2020) 10:674. doi: 10.3389/fonc.2020.00674

18. Wang, J, Wang, JQ, Cai, CY, Cui, Q, Yang, Y, Wu, ZX, et al. Reversal Effect of ALK Inhibitor NVP-TAE684 on ABCG2-Overexpressing Cancer Cells. Front Oncol (2020) 10:228. doi: 10.3389/fonc.2020.00228

19. Robey, RW, Medina-Perez, WY, Nishiyama, K, Lahusen, T, Miyake, K, Litman, T, et al. Overexpression of the ATP-binding Cassette Half-Transporter, ABCG2 (Mxr/Bcrp/ABCP1), in Flavopiridol-Resistant Human Breast Cancer Cells. Clin Cancer Res (2001) 7:145–52.

20. Trott, O, and Olson, AJ. Autodock Vina: Improving the Speed and Accuracy of Docking With a New Scoring Function, Efficient Optimization, and Multithreading. J Comput Chem (2010) 31:455–61. doi: 10.1002/jcc.21334

21. Karlin, J, Allen, J, Ahmad, SF, Hughes, G, Sheridan, V, Odedra, R, et al. Orally Bioavailable and Blood-Brain Barrier-Penetrating ATM Inhibitor (Az32) Radiosensitizes Intracranial Gliomas in Mice. Mol Cancer Ther (2018) 17:1637–47. doi: 10.1158/1535-7163.Mct-17-0975

22. Orlando, BJ, and Liao, M. ABCG2 Transports Anticancer Drugs Via a Closed-to-Open Switch. Nat Commun (2020) 11:2264. doi: 10.1038/s41467-020-16155-2

23. Hammond, WA, Swaika, A, and Mody, K. Pharmacologic Resistance in Colorectal Cancer: A Review. Ther Adv Med Oncol (2016) 8:57–84. doi: 10.1177/1758834015614530

24. Papa, A, Rossi, L, Lo Russo, G, Giordani, E, Spinelli, GP, Zullo, A, et al. Emerging Role of Cetuximab in the Treatment of Colorectal Cancer. Recent Pat Anticancer Drug Discov (2012) 7:233–47. doi: 10.2174/157489212799972882

25. Kendall, A, Lord, R, and Maisey, N. Anti-Epidermal Growth Factor Receptor Antibodies in the Treatment of Metastatic Colorectal Cancer. Recent Pat Anticancer Drug Discov (2010) 5:142–51. doi: 10.2174/157489210790936270

26. Zhang, W, Yang, Y, Dong, Z, Shi, Z, and Zhang, JT. Single-Nucleotide Polymorphisms in a Short Basic Motif in the ABC Transporter ABCG2 Disable its Trafficking Out of Endoplasmic Reticulum and Reduce Cell Resistance to Anticancer Drugs. J Biol Chem (2019) 294:20222–32. doi: 10.1074/jbc.RA119.008347

27. Zhang, W, Sun, S, Zhang, W, and Shi, Z. Polymorphisms of ABCG2 and its Impact on Clinical Relevance. Biochem Biophys Res Commun (2018) 503:408–13. doi: 10.1016/j.bbrc.2018.06.157

28. García-Mateos, D, García-Villalba, R, Otero, JA, Marañón, JA, Espín, JC, Álvarez, AI, et al. An Altered Tissue Distribution of Flaxseed Lignans and Their Metabolites in Abcg2 Knockout Mice. Food Funct (2018) 9:636–42. doi: 10.1039/c7fo01549f

29. Miguel, V, Otero, JA, García-Villalba, R, Tomás-Barberán, F, Espín, JC, Merino, G, et al. Role of ABCG2 in Transport of the Mammalian Lignan Enterolactone and its Secretion Into Milk in Abcg2 Knockout Mice. Drug Metab Dispos (2014) 42:943–6. doi: 10.1124/dmd.113.055970

30. Kovacsics, D, Brózik, A, Tihanyi, B, Matula, Z, Borsy, A, Mészáros, N, et al. Precision-Engineered Reporter Cell Lines Reveal ABCG2 Regulation in Live Lung Cancer Cells. Biochem Pharmacol (2020) 175:113865. doi: 10.1016/j.bcp.2020.113865

31. Wang, K, Xing, ZH, Jiang, QW, Yang, Y, Huang, JR, Yuan, ML, et al. Targeting uPAR by CRISPR/Cas9 System Attenuates Cancer Malignancy and Multidrug Resistance. Front Oncol (2019) 9:80. doi: 10.3389/fonc.2019.00080

32. Yang, Y, Qiu, JG, Li, Y, Di, JM, Zhang, WJ, Jiang, QW, et al. Targeting ABCB1-mediated Tumor Multidrug Resistance by CRISPR/Cas9-based Genome Editing. Am J Transl Res (2016) 8:3986–94.



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Liu, Li, Chen, Shi, Xing, He, Wang, Liu, Zhang, Yu, Mo, Chen, Chen and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2021.680663_cover.jpg
, frontiers
in Oncology

AZ32 Reverses ABCG2-
Mediated Multidrug Resistance
in Colorectal Cancer





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        AZ32 Reverses ABCG2-Mediated Multidrug Resistance in Colorectal Cancer

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Reagents and Cell Culture

          



          		

            Vector Generation and Lentivirus Infection

          



          		

            Western Blot Assay

          



          		

            Genomic PCR and Sequencing Analysis

          



          		

            Cytotoxicity Assay

          



          		

            Drug Accumulation Assay

          



          		

            Docking Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Establishment ABCG2-Knockout Colorectal Cancer Cells

          



          		

            AZ32 Sensitizes ABCG2-Overexpressing Colorectal Cancer Cells to ABCG2-Substrate Chemotherapeutic Drugs

          



          		

            AZ32 Enhances the Intracellular Accumulation of ABCG2 Substrates in ABCG2-Overexpressing Colorectal Cancer Cells

          



          		

            AZ32 Does Not Alert the Protein Expression of ABCG2 in Colorectal Cancer Cells

          



          		

            Model for Binging of AZ32 to ABCG2

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-680663-g003.jpg
B e ez

1 . s -






OEBPS/Images/fonc-11-680663-g001.jpg
Petubulin

P — )\
5 GCTGCARGGARAGRTCCARG 166 3

g
SIMI80

GCTECAAGS ARAGATENAG TCE

N\%nnﬂm

SEABCG2: §'GCTGCANGGAAAGAT

f-tubulin






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-680663-g004.jpg
4 +AZR2 1M






OEBPS/Images/fonc-11-680663-g002.jpg





